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Photon-assisted scattering and magnetoconductivity oscillations in a strongly
correlated 2D electron system formed on the surface of liquid helium
Yu.P. Monarkha1
1Institute for Low Temperature Physics and Engineering, 47 Lenin Avenue, 61103 Kharkov, Ukraine
The influence of strong internal forces on photon-assisted scattering and on the displacement
mechanism of magnetoconductivity oscillations in a two-dimensional (2D) electron gas is theoreti-
cally studied. The theory is applied to the highly correlated system of surface electrons on liquid
helium under conditions that the microwave frequency is substantially different from inter-subband
resonance frequencies. A strong dependence of the amplitude of magnetoconductivity oscillations on
the electron density is established. The possibility of experimental observation of such oscillations
caused by photon-assisted scattering is discussed.
PACS numbers: 73.40.-c,73.20.-r,73.25.+i, 78.70.Gq
I. INTRODUCTION
Radiation-induced magnetoresistivity oscillations and
zero resistance states (ZRS) of a 2D electron gas sub-
jected to a perpendicular magnetic field were discov-
ered in 2001-2003 using high quality GaAs/AlGaAs het-
erostructures1–3. Since then, a large number of theo-
retical mechanisms have been proposed to explain these
magneto-oscillations (MO)4–11. The ZRS appeared at
high radiation power as a result of evolution of resistivity
minima can be caused by a negative conductivity effect
(σxx < 0)
12, whose microscopic origin is quite controver-
sial as well as the origin of MO.
In experiments1–3, the microwave (MW) frequency was
quite arbitrary: ω > ωc, here ωc is the cyclotron fre-
quency. The period of MO observed is controlled by the
ratio ω/ωc. Similar 1/B-periodic oscillations of magne-
toconductivity σxx and ZRS were discovered in a nonde-
generate 2D electron system formed on the free surface
of liquid helium when the MW frequency was tuned to
the inter-subband excitation frequency13,14: ω = ω2,1 ≡
(∆2 −∆1) /~ (here ∆l is the energy spectrum of surface
subbands, l = 1, 2, ...). These oscillations were theoreti-
cally explained15 by a nonequilibrium population of the
excited subband and by peculiarities of quasielastic inter-
subband scattering in the presence of the magnetic field
B. Predictions of this intersubband displacement model
concerning the influence of internal Coulomb forces on
positions of σxx extrema
16 were recently supported by
experimental observations17.
For mechanisms of MO proposed4,5,9, electron gas de-
generacy is not a crucial point. Therefore, they can
be applied also to a nondegenerate 2D electron system
like surface electrons (SEs) on liquid helium. Electrons
bound to the free surface of liquid helium represent a re-
markable model 2D system which is quite simple and
clean. SEs are scattered quasi-elastically by capillary
wave quanta (ripplons) and by vapor atoms. Their in-
teraction parameters are well established. Experiments
on SEs13,14 employed approximately the same MW fre-
quencies and power as those used for the 2D electron
gas in GaAs/AlGaAs1–3. Therefore, there is an impor-
tant question: why theoretical mechanisms of MO and
negative conductivity effects proposed for semiconductor
electrons do not display themselves in experiments with
SEs on liquid helium? The answer to this question could
shed light also on the situation in semiconductor systems.
The most frequently discussed mechanism of MO and
negative conductivity effects called the displacement
mechanism was proposed already in 1969 by Ryzhii18.
In this model a quasielastic scattering event of an elec-
tron caused by an impurity potential can be accompa-
nied by absorption of a photon, which leads to indirect
inter-Landau-level scattering (n→ n′). The energy con-
servation of such a photon-assisted scattering event
~ωc (n− n′) + ~ω + eE‖ (X −X ′) = 0 (1)
(here E‖ is the dc driving electric field directed along the
x-axis) determines the displacement of the electron or-
bit center, which can be opposite to the driving force
(X ′ > X) if ω/ωc < n
′ − n. This is the reason for
the negative conductivity effect. It should be noted that
in the intersubband displacement model15,16 the corre-
sponding energy conservation contains the intersubband
excitation energy ∆2 −∆1 instead of ~ω. The displace-
ment model18 had been intensively developed after dis-
covery of ZRS to include self-energy effects and multi-
photon processes4,5,19.
Another popular mechanism of MO and negative con-
ductivity effects called the inelastic model9 originates
from oscillations of the electron distribution function
f (ε) induced by MW radiation. An oscillatory behav-
ior of f (ε) means that at certain ranges of ε there is a
population inversion, ∂f (ε) /∂ε > 0, and the magneto-
conductivity σxx could be negative. These ideas were
also discussed in Ref. 20.
In this work, we consider mostly the displacement
mechanism of MO applied to the system of SEs in liquid
helium: photon-assisted scattering by ripplons. The in-
elastic mechanism will be shortly discussed as well, since
we see its certain relation to photon-assisted scattering.
As compared to the initial version of photon-assisted
scattering18,21, the theory is extended to include strong
Coulomb forces acting between electrons and the collision
2broadening of Landau levels (LLs). We found the reason
why MO of σxx and ZRS caused by photon-assisted scat-
tering were not seen in experiments on SEs13,14 for chosen
ranges of the MW frequency and amplitude, and formu-
lated conditions under which they could be potentially
observed.
II. PROBABILITIES OF PHOTON-ASSISTED
SCATTERING
Consider a 2D electron gas on the free surface of liq-
uid helium in the presence of a static magnetic field B
directed normally to the interface. The corresponding
vector potential of the magnetic field A0 = (0, Bx, 0). In
the presence of the driving electric field E‖ = (E‖, 0, 0),
eigenfunctions and the energy spectrum of SEs are char-
acterized by the surface subband number l, the electron
orbit center
X = −cpy
eB
+ ζ, ζ = − eE‖
meω2c
, (2)
and by the LL number n:
Ψl,n,X = ψl (z)
1√
2π~
e−i(X−ζ)y/l
2
Bψ(os)n (x−X) ,
(3)
El,n,X = ∆l + ~ωc (n+ 1/2) + eE‖X +
e2E2‖
2meω2c
, (4)
Here ψ
(os)
n (x) are oscillator eigenfunctions, ψl (z) are
wavefunctions of vertical motion, and lB =
√
~c/eB is
the magnetic length.
At low temperatures T < 1 K, electrons predomi-
nantly occupy the ground surface subband (l = 1), since
∆2 −∆1 is about 6K (liquid 4He) or 3.2K (liquid 3He).
The Hamiltonian of electron interaction with MWs has
the usual form
Vmw =
e
cme
(
p+
e
c
A0
)
A˜, (5)
where A˜ is the vector potential of the MW field,
A˜α (r) =
∑
λ,k
(
2π~c2
ωkKv
)1/2
eα,λ,ke
ik·r
(
ak,λ + a
†
−k,λ
)
,
(6)
ak,λ and a
†
k,λ are creation and destruction operators of
photons, Kv is the volume, and eλ,k is the unit polar-
ization vector. It is convenient to consider the linear
polarization with A˜y = 0.
The Hamiltonian of the electron-ripplon interaction,
which dominates under conditions of the experiments
(T = 0.2K)14, can be written as
Vr =
∑
q
Vr,qQq
(
bq + b
†
−q
)
eiq·r, (7)
where bq and b
†
−q are creation and destruction operators
of ripplons, Vr,q is the electron-ripplon coupling
22, Qq =√
~q/2ρωr,qD, ωr,q ≃
√
α/ρq3/2, α and ρ are the surface
tension and mass density of liquid helium respectively,
and D is the surface area.
Probabilities of photon-assisted scattering are calcu-
lated according to the Golden Rule with the following
matrix elements21
〈i| V˜ |f±〉 =
∑
v
〈i|Vr |v〉 〈v|Vmw |f±〉
Ei − Ev +
+
∑
v
〈i|Vmw |v〉 〈v|Vr |f±〉
Ei − Ev , (8)
where Ei is the energy of the initial state, the final
state |f±〉 =
∣∣∣n′, X ′,n(r)q ± 1±q,n(mw)k − 1−k,〉 corre-
sponds to processes of destruction of a photon and cre-
ation (sign plus) or destruction (sign minus) of a ripplon.
The n
(r)
q =
{
n
(r)
q
}
and n
(mw)
k =
{
n
(mw)
k
}
are the vectors
describing occupation numbers of ripplons and photons.
Further evaluations are based on the relationship(
eiqre
)
n,X;n′,X′
= δX,X′−l2
B
qye
iqxXMn,n′ which is valid
for the chosen gauge. Here we use the following nota-
tions
Mn,n′ (xq, ϕ) = i
|n′−n|Jn,n′ (xq)×
× exp [ixq cos (ϕ) sin (ϕ) + i (n′ − n)ϕ] , (9)
Jn,n′ (xq) =
√
min (n, n′)!
max (n, n′)!
x
|n′−n|
2
q ×
× exp
(
−xq
2
)
L
|n′−n|
min(n,n′) (xq) , (10)
where xq = q
2l2B/2 is a dimensionless parameter, qx =
q cosϕ, and Lmn (x) are the associated Laguerre polyno-
mials. Our expression for Mn,n′ (xq, ϕ) differs from the
similar equation of Ref. 21 because we have chosen the
different gauge. The result of Ref. 21 can be restored
from Eq. (9) using the substitution ϕ→ ϕ− π/2.
Introducing
E (ω) =
√
4π
n(mw) (ω)
Kv
~ω (11)
and C
(±)
q = Vr,qQq
[
n
(r)
±q +
1
2 ± 12
]1/2
, and following the
procedure described in Ref. 21, one can find
∣∣∣〈i| V˜ |f±〉∣∣∣ = C(±)q eE (ω)2meω2lB δX,X′−l2Bqy×
3∑
n′′
[
ωMn,n′′pn′′,n′
ωc (n− n′′)− qyVH ∓ ωr,q +
ωpn,n′′Mn′′,n′
ωc (n− n′′) + ω
]
,
(12)
where pn,n′ = i
(√
nδn′,n−1 −
√
n′δn′,n+1
)
are dimen-
sionless matrix elements of the electron momentum op-
erator, and VH is the absolute value of the Hall velocity:
eE‖ (X −X ′) = −~qyVH .
Keeping in mind the energy conservation delta-
function, in the first term of Eq. (12) we can use the
replacement ωc (n− n′′)−qyVH∓ωr,q → ωc (n′ − n′′)−ω.
For slightly broadened LLs, this is an approximate pro-
cedure which has the same accuracy as the replacement
1 − f (ε′) → 1 − f (ε) in usual conductivity equations.
Then, using properties of the associated Laguerre poly-
nomials, one can find
∣∣∣〈i| V˜ |f±〉∣∣∣2 = (C(±)q )2
[
eE (ω)
2meω2lB
]2
×
× δX,X′−l2
B
qyχq (ω)xqJ
2
n,n′ (xq) , (13)
where
χq (ω) =
∣∣∣∣ eiϕωωc + ω −
e−iϕω
ωc − ω
∣∣∣∣
2
. (14)
The dependence of χq on ϕ is important for calculation
of the momentum relaxation rate, which contains an ad-
ditional factor q2y = q
2 sin2 ϕ.
After summation over k the probabilities of photon-
assisted scattering from n,X to n′, X ′ accompanied by
the momentum exchange ~q can be found as
w
(±)
n,X→n′,X′ (q) =
2π
~
(
C(±)q
)2
λmwχq (ω)xq×
× δX,X′−l2
B
qyJ
2
n,n′ (xq) δ(εn − εn′ − ~qyVH ∓ ~ωq + ~ω),
(15)
where εn = ~ωc (n+ 1/2),
λmw =
e2E2mw
4m2eω
4l2B
, E2mw = 4π
Nmw (ω)
Kv
~ω, (16)
Nmw (ω) is the number of photons with the frequency ω,
and Emw (
√
ergs/cm3) is the amplitude of the electric
field in the MW. As compared to usual electron-ripplon
scattering, Eq. (15) contains the photon energy ~ω in the
argument of the delta-function and additional dimension-
less proportionality factors λmw, χq (ω), and xq . The
χq (ω) is of the order of unity (here ω is substantially
larger than ωc), while xq is of the order of n
′ − n due
to J2n,n′ (xq). The λmw depends only on the MW field
parameters (Emw and ω) and on basic properties of the
electron gas under magnetic field.
III. THE CONDUCTIVITY OF STRONGLY
INTERACTING ELECTRONS
Generally, the structure of Eq. (15) is similar to the
structure of the corresponding probability of the usual
electron-ripplon scattering. Therefore, considering the
contribution of photon-assisted scattering into the mo-
mentum relaxation rate, we can use advantages of the
approach22–24, which allows to express average scatter-
ing probabilities and the momentum relaxation rate νeff
in terms of the dynamic structure factor (DSF) of the
2D electron system. Since
∑
X′ w
(±)
n,X→n′,X′ (q) does not
depend on X , when averaging over the initial electron
states we can consider electron distribution over LLs only
fn ≃ Z−1‖ e−εn/Te (here Z‖ =
∑
n e
−εn/Te). Then, the
average probability of electron scattering with the mo-
mentum exchange ~q caused by destruction of a photon
and creation or destruction of a ripplon can be written
in the following form
w¯(±)mw,q =
1
~2
(
C(±)r,q
)2
λmwχq (ω)×
× xqS (q,−qyVH ∓ ωr,q + ω) , (17)
where C
(±)
r,q is obtained from C
(±)
q replacing the ripplon
occupation number n
(r)
±q with the Bose distribution func-
tion Nr,±q, the function
S (q,Ω) =
2
π~Z‖
∑
n,n′
J2n,n′ (xq)×
×
∫
dεe−ε/Tegn (ε) gn′ (ε+ ~Ω) (18)
is the DSF of a nondegenerate 2D electron gas, gn (ε) =
−ImGn (ε), and Gn (ε) is the single-electron Green’s
function.
Taking into account the collision broadening of LLs,
we shall use the result of the cumulant approach25
gn (ε) =
√
2π~
Γn
exp
[
−2 (ε− εn)
2
Γ2n
]
, (19)
where Γn is the collision broadening of LLs
26. This ap-
proximation, being quite accurate for low LLs, greatly
simplifies further evaluations. The equilibrium DSF has
an important property
S (q,−Ω) = e−~Ω/TeS (q,Ω) (20)
which allows to shorten evaluations. According to
Eqs. (18) and (19), the S (q,Ω) as a function of frequency
has sharp maxima when Ω approaches the LL excitation
frequency (n′ − n)ωc.
The momentum relaxation rate can be found by eval-
uating the total momentum gained by scatterers. For an
4infinite isotropic system, the kinetic friction acting on the
electron gas,
Ffric = −Ne
∑
q
~q
(
w¯r,q + w¯
(+)
mw,q+w¯
(−)
mw,q
)
, (21)
should be antiparallel to the current. Here w¯r,q ≡
w¯
(+)
r,q +w¯
(−)
r,q is the corresponding probability obtained for
usual electron-ripplon scattering in the absence of MW
radiation, and w¯
(±)
r,q can be found from Eq. (17) using the
substitution λmwχq (ω)xq → 1 and setting ω → 0 in the
frequency argument of the DSF.
Thus, the momentum relaxation rate νeff can be de-
fined by the relationship (Ffric)y = −NemeνeffVy , where
Vy ≃ −VH . Using elastic approximation (~ωr,q → 0), the
correction into the effective collision frequency induced
by MW radiation is found as
νmw =
2λmw
me~
∑
q
q2yχq (ω)xqC
2
r,qS
′ (q, ω) , (22)
where Cr,q ≡ C(−)r,q ≃ C(+)r,q , and S′ (q,Ω) =
∂S (q,Ω) /∂Ω.
In the absence of MW radiation, the momentum relax-
ation rate ν
(0)
r can be formally obtained from Eq. (22) us-
ing the replacement λmwχq (ω)xq → 1 and setting ω → 0
in the frequency argument of S′:
ν(0)r =
2
me~
∑
q
q2yC
2
r,qS
′ (q, 0) . (23)
The derivative of the Eq. (20) gives the relationship
S′ (q, 0) =
~
2Te
S (q, 0) > 0, (24)
which transforms ν
(0)
r into the result of the SCBA the-
ory26 applied to the system of SEs on liquid helium22.
The total momentum relaxation rate νeff = ν
(0)
r + νmw.
The results of Eqs. (22) and (23) can be obtained also
using the direct definition of the electron current
jx = −ens
∑
q
(X ′ −X)q
(
w¯r,q + w¯
(+)
mw,q + w¯
(−)
mw,q
)
.
(25)
Taking into account (X ′ −X)q = qyl2B, one can find
σxx =
ensl
2
B
E‖
∑
q
qy
(
w¯r,q + w¯
(+)
mw,q + w¯
(−)
mw,q
)
≃
≃ e
2ns
me
ν
(0)
r + νmw
ω2c
, (26)
which proves that Ffric is antiparallel to the current. It
should be noted that one cannot disregard the driving
field correction −qyVH in the expressions for w¯(±)mw,q and
w¯r,q, otherwise scattering probabilities in the direction
of the driving force and in the opposite direction would
be the same leading to jx = 0.
SEs on liquid helium form a highly correlated 2D elec-
tron system. Even for small densities ne ∼ 106 cm−2,
the average energy of Coulomb interaction per particle is
much larger than the average kinetic energy (Te). Under
such conditions, the 2D electron system subjected to a
magnetic field can be well described using the concept of
the fluctuational electric field27. At a finite temperature,
for each electron there is an electric field Ef of other
electrons caused by fluctuations and directed to an equi-
librium position of the electron. Within the cyclotron
orbit length, the Ef can be approximately considered as
a uniform field, if B is strong enough. Thus, the mag-
netic field and Ef cause fast rotation of the electron obit
center around the equilibrium position. Therefore, such
a strongly interacting system can be considered as an en-
semble of noninteracting electrons, whose orbit centers
move fast in the fluctuational field22,23. The distribution
of Ef is known from numerical calculations
28.
The fluctuational electric field introduces an additional
broadening of maxima of the DSF16,22:
S (q,Ω) =
2
√
π
Z‖
∑
n,n′
J2n,n′
γn,n′
exp
[
−εn
Te
− Pn,n′ (Ω)
]
, (27)
where
Pn,n′ =
[Ω− (n′ − n)ωc − φn]2
γ2n,n′
, φn =
Γ2n + xqΓ
2
C
4Te~
,
(28)
and
~γn,n′ =
√
Γ2n + Γ
2
n′
2
+ xqΓ2C . (29)
In Eq. (28), defining Pn,n′ (Ω), we have neglected terms
of the order of Γ2n/8T
2
e which are very small for the
considered system. The Coulomb broadening parame-
ter ΓC =
√
2eE
(0)
f lB increases with ne and Te because
E
(0)
f ≃ 3
√
Ten
3/4
e .
The fluctuational field introduces also an additional
shift in positions of maxima of the DSF φC = xqΓ
2
C/4Te~
which enters the definition of φn. This Coulomb shift
is restored from the expression for the DSF of the 2D
Wigner solid under a strong magnetic field. It preserves
the equilibrium property of Eq. (20). The influence of
this shift on the intersubband displacement mechanism
of MO16 was recently confirmed in experiments17 on SEs
above liquid 3He.
In Eq. (22), describing νmw, the function χq (ω)
is averaged over directions of the ripplon vector〈
χq (ω) sin
2 ϕ
〉
ϕ
≡ χtr (ω). Simple integration yields
χtr (ω) =
1
2
3ω2c/ω
2 + 1
(ω2c/ω
2 − 1)2 . (30)
5For ω2 ≫ 3ω2c , the χtr (ω) → 1/2 which coincides with〈
sin2 ϕ
〉
ϕ
entering ν
(0)
r . Using this notation, the photon-
assisted scattering correction νmw can be represented in
an analytical form
νmw = λmwχtr (ω)
2meTΛ
2
√
πα~3l2B
Fω (B) , (31)
where
Fω (B) = − 1
Z‖
∑
n,m
e−εn/Te
∫ ∞
0
dxqxqV
2
1,1 (xq)J
2
n,n+m×
ω/ωc −m− φn/ωc
γ˜3n,n+m
exp
[
−
(
ω/ωc −m− φn/ωc
γ˜n,n+m
)2]
,
(32)
γ˜n,n+m = γn,n+m/ωc, andm = n
′−n. The dimensionless
electron-ripplon coupling22
V1,1 (xq) = xqwc
(
xq/2g
2l2B
)
+ eE⊥l
2
B/Λ (33)
is defined by the function
wc (x) = − 1
1− x +
1
(1− x)3/2
ln
(
1 +
√
1− x√
x
)
. (34)
The V1,1 (x) depends also on the pressing elec-
tric field E⊥, the image potential parameter Λ =
e2 (ǫ− 1) /4 (ǫ+ 1) (here ǫ is the dielectric constant of
liquid helium), and on the localization parameter (g) of
the SE wave function: ψ1 (z) = 2g
3/2z exp(−gz).
The absolute value of the function Fω (B) defined by
Eq. (32) increases sharply when ω/ωc becomes close to
an integer m = n′ − n > 0. In the vicinity of this
point, Fω (B) changes its sign because of the factor
ω/ωc − m − φn/ωc. The typical dependence Fω (B) is
shown in Fig. 1 for four different electron densities. We
have chosen the MW frequency ω/2π = 79GHz which
is typical for SEs above liquid 3He. It is obvious that
an increase in ne suppresses the amplitude of MO and
broadens their shape. As expected, negative values of
Fω (B) and νmw mostly appear at ω/ωc (B) > m.
IV. DISCUSSION AND CONCLUSIONS
Negative conductivity effects and ZRS appear when
νmw & ν
(0)
eff . It should be notes that χtr (ω) is about 1/2,
if ω is substantially larger than ωc. As compared to the
result of usual electron-ripplon scattering, the momen-
tum relaxation rate caused by photon-assisted scattering
[Eq. (31)] has an important proportionality factor λmw,
which originates from V 2mw/ (Ei − Ev)2 ∼ V 2mw/~2ω2.
We note also the presence of the MW frequency ω in
expression for Fω (B) given in Eq. (32). For usual scat-
tering, the main contribution into F0 (B) comes from
terms with m = 0, when the factor ω/ωc−m−φn/ωc →
0.6 0.7
-6
-3
0
3
6
 
 
F
(B
)/1
04
B ,  T
n
e
 /106cm-2=1
2.5
10
5
FIG. 1. Fω(B) calculated near ω/ωc = 4 and 5 for T =
0.2K and four electron densities: ne = 1 · 10
6 cm−2 (solid),
2.5 · 106 cm−2 (dashed), 5 · 106 cm−2 (dotted), 10 · 106 cm−2
(dash-dotted).
−φn/ωc and F0 (B) > 0. In the case of photon-assisted
scattering with ω > ωc, the extrema of Fω (B) oc-
cur at |ω/ωc −m| ∼ γ˜n,n+m. Therefore, the ratio
Fω (B) /F0 (B) ≈ 4Te/~γn,n, and we can roughly esti-
mate
νmw
ν
(0)
r
∼ λmw 4Te√
Γ2n + Γ
2
C
=
e2E2mwωcTe
me~ω4
√
Γ2n + Γ
2
C
. (35)
The νmw/ν
(0)
r increases with the MW field amplitude
Emw and decreases with the MW frequency.
A more accurate comparison of νmw and ν
(0)
r can be
given using numerical evaluation of Eq. (32) shown in
Fig. 1. Consider typical conditions of the experiment14
with SEs on liquid 3He: ω/2π ≃ 79GHz, T = 0.2K
and ne = 10
6 cm−2. Under these conditions, the inter-
subband displacement mechanism16 leads to giant MO
and σxx < 0 already at a MW field amplitude which
corresponds to the Rabi frequency eEmw |〈1| z |2〉| /~ =
108 s−1. For such a MW power, Emw ≃ 0.1V/cm,
and the calculation based on Eqs. (31) and (32) gives
δνeff/ν
(0)
eff ≃ 0.65 · 10−5, if B is close to 0.7T (m = 4).
This explains why MO caused by photon-assisted scat-
tering were not observed together with MO caused by
the intersubband displacement mechanism.
The correction to ν
(0)
r caused by the intersubband dis-
placement mechanism16 does not have the proportion-
ality factor λmw, because this mechanism does not in-
volve photons. Instead, there is the proportionality fac-
tor [n¯2−e−(∆2−∆1)/Te n¯1], where n¯l = Nl/Nall is the frac-
tional occupancy of the l-th surface subband. This factor
is not too small, typically about 0.1 or even larger. There-
6fore, the enhancement factor 4Te/~γn,n′ noted above can
make the amplitude of oscillations very large.
Thus, the main reason why photon-assisted scattering
is small in the system of SEs on liquid helium is the
parameter λmw, which actually does not depend on the
nature of scatterers. For a fixed ratio ω/ωc, it depends
only on parameters of the MW field (Emw and ω) and on
basic parameters of charge carriers (the charge and the
effective mass m∗e). According to recent treatments of
photon-assisted scattering in semiconductor 2D electron
systems19, the effect of MW on the in-plane current jx is
characterized by the factor J2M
(√
2xqEmw/E˜ω
)
, where
JM (z) is the Bessel function,M is the number of photons
assisted in a scattering event, and E˜ω is a characteristic
MW field
E˜ω =
√
2m∗eω
∣∣ω2c − ω2∣∣~1/2
e
√
ω2c + ω
2ω
1/2
c
(36)
For ω2 ≫ ω2c , the E˜ω ≃
√
2m∗eω
2lB/e, and the argument
of the Bessel function
√
2xqEmw/E˜ω → 2
√
xqλmw. In
the limit of weak MW fields Emw ≪ E˜ω, the effect of one-
photon assisted scattering is characterized by the small
proportionality factor J21
(
2
√
xqλmw
) ≃ xqλmw, which
agrees with our calculations.
The main peculiarity of the electron gas in
GaAs/AlGaAs, as compared to SEs on liquid helium,
is the small effective mass m∗e ≃ 0.067me. There-
fore, for the fixed ratio ω/ωc = 2, the Eq. (36) yields:
E˜ω ≃ 74V/cm if ω/2π = 79GHz, and E˜ω ≃ 22V/cm if
ω/2π = 35.5GHz. It should be noted that these values
of E˜ω are much larger than the estimate of the MW field
Emw ≈ 0.5V/cm given in Ref. 29 for typical experimen-
tal conditions realized in semiconductor systems. For SEs
on liquid helium the estimate of the characteristic MW
field E˜ω increases only by the factor 1/
√
0.067 ≃ 3.9.
This factor could be compensated by coordinated reduc-
tions in the MW frequency and the cyclotron frequency
provided the ratio ωc/ω and the MW power are fixed.
Therefore, if photon-assisted scattering is the main origin
of MO in GaAs/AlGaAs, it could be potentially observed
also in the system of SEs on liquid helium in the low MW
frequency range and at highest radiation power.
At this point it is instructive to discuss briefly the in-
elastic mechanism of MO and ZRS, which is expected
to produce larger MO amplitudes than those of the dis-
placement mechanism. In the inelastic model9, MO and
the negative conductivity effect originate from oscillatory
behavior of the electron distribution function f (ε) enter-
ing the conductivity equation for usual scattering which
does not involve photons. Oscillatory corrections δf to
the equilibrium distribution function fF (ε) are caused
by the MW field. The important point of the model is
the relationship between σxx and ∂f (ε) /∂ε. Sometimes
this relationship is referred to Kubo conductivity equa-
tions. It should be noted that there the factor ∂f (ε) /∂ε
appears from the property of the equilibrium distribution
function f (ε) [1− f (ε)] = −Te∂f/∂ε, which is not valid
for an arbitrary function [moreover f (1− f) > 0]. The
proper relationship between ν
(0)
r and ∂f/∂ε can be found
considering the nonequilibrium DSF of a 2D electron gas
S (q,Ω) =
D
Neπ2l2B~
∑
n,n′
J2n,n′ (xq)
∫
dεf (ε)×
× [1− f (ε+ ~Ω)] gn (ε) gn′ (ε+ ~Ω) , (37)
where f (ε) is an arbitrary distribution function and D is
the surface area. Now the S′ (q, 0) 6= ~S (q, 0) /2Te and
one cannot guarantee that S′ (q, 0) entering Eq. (23) is
positive.
Generally, S′ (q,Ω→ 0) consist of the term with the
derivative of the factor 1 − f (ε) and the term with the
derivative of gn′ (ε). The second term can be rearranged
using integration by parts. Then, using the property
Jn,n′ = Jn′,n one can find
S′ (q, 0) =
D
Ne2π2l2B
∑
n,n′
J2n,n′ (xq)×
×
∫
dε
[
−∂f (ε)
∂ε
]
gn (ε) gn′ (ε) . (38)
This equation together with Eq. (23) establishes the nec-
essary relationship between the momentum relaxation
rate and ∂f (ε) /∂ε. For interaction with short-range
scatterers like vapor atoms, the coupling parameter C2q =
~
3ν0/2meD, where ν0 is the collision frequency at B = 0.
To find corrections to the equilibrium distribution
function induced by MW radiation, a sort of kinetic
equation was used9 where the effect of microwaves
Stmw {f (ε)} was proportional to f (ε± ~ω)−f (ε). Since
the MW itself cannot cause electron transitions from ε to
ε± ~ω when ω/ωc ≥ 2, we conclude that the main con-
tribution into Stmw {f (ε)} comes from photon-assisted
scattering. Though, inelastic mechanism applied to SEs
on liquid helium requires a separate investigation, we ex-
pect that oscillatory corrections to the equilibrium distri-
bution function will contain the small parameter λmw in-
troduced above. Additionally, electron-electron interac-
tion, which is extremely strong for SEs on liquid helium,
should increase substantially the inelastic relaxation rate
and reduce the amplitude of MO caused by the inelastic
mechanism.
Concluding, for observation of MO of σxx caused by
both of the mechanisms (displacement and inelastic) in
the 2D electron system formed on the free surface of liq-
uid helium, it is necessary to use low electron densities
and the parameters of the MW field giving a largest value
of λmw defined by Eq. (15).
In summary, we have investigated the influence of
strong Coulomb forces acting between SEs in liquid he-
lium on photon-assisted scattering and on the displace-
ment mechanism of MW-induced oscillations of magneto-
conductivity. Coulomb interaction is shown to suppress
7strongly the amplitude of oscillations and affect their
shape. Under conditions of the experiment with SE on
liquid helium14, the amplitude of MO caused by photon-
assisted scattering is shown to be very small, which ex-
plains why oscillations were not detected for MW fre-
quencies substantially different from the inter-subband
resonance frequency. The relationship between the am-
plitude of MO and parameters characterized the MW
field and the electron system obtained here allows to for-
mulate conditions under which photon-assisted scattering
could be observed. In order to obtain the same effect as
in heterostructures, one need to increase the MW field
amplitude by a factor of about 3.9. Therefore, the sys-
tem of SEs on liquid helium can serve as a model system
for testing mechanisms of MO and ZRS proposed for a
2D electron gas in heterostructures.
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